Background--Thoracic aortic calcification (TAC) and coronary artery calcification (CAC) are markers of subclinical atherosclerosis and are associated with incident major cardiovascular events. We investigated major determinants for incidence and progression of TAC and the association between TAC and CAC incidence and progression.
T horacic aortic calcification (TAC) and coronary artery calcification (CAC) are markers of subclinical atherosclerosis and can be quantified from noncontrast cardiac computed tomography (CT).
1,2 Prevalence of TAC is associated with risk factors similar to those for CAC and is closely related to coronary atherosclerosis, consistent with a common underlying systemic vascular atherosclerotic process. 3, 4 With rising TAC and CAC scores, the probability of future coronary and cardiovascular events increases. Both CAC and aortic calcification predict vascular morbidity and mortality 5-8 ; therefore, quantification of vascular calcification is currently regarded as the best single test for risk assessment in asymptomatic patients at intermediate risk for cardiovascular events. For those without CAC, excellent cardiovascular prognosis is well documented.
recently been shown to increase with rising TAC scores, suggesting that a TAC score >100 could serve as an independent predictor of CAC incidence. 13 So far, this finding is not confirmed in a population-based setting. TAC burden varies between ascending and descending thoracic aorta, 1, 14 with different impact of thoracic aortic segment calcifications on cardiovascular events. 15 Furthermore, presence of calcification in the descending thoracic aortic (descending TAC [DTAC] ) has been demonstrated to be associated with CAC independent of cardiovascular risk factors. 14 To date, neither the impact of different TAC scores on CAC progression nor the influence of TAC progression on CAC has been reported. The aim of this study was to assess the main determinants of TAC incidence and progression and the predictive value of baseline TAC (TAC bl ) scores on CAC incidence and progression for the overall thoracic aorta and for aortic segments separately, as quantified from cardiac CT in a populationbased cohort.
Methods Study Population
The Heinz Nixdorf Recall study is a population-based prospective cohort study designed to assess the predictive value of novel markers for risk stratification in addition to traditional cardiovascular risk factors. Between December 2000 and August 2003, a total of 4814 persons were contacted on the basis of a random sample of men and women aged 45 to 74 years who were registered in mandatory citizen registries in the German cities of Bochum, Essen, and M€ ulheim/Ruhr. Details of recruitment and study design were published previously. 2, 5 Those with prior coronary artery disease (coronary artery bypass grafting and/or interventional revascularization procedures and history of prior myocardial infarction) were excluded from this analysis (n=327). Of the remaining participants (n=4487), 3916 participated in the follow-up examination after 5 years. Of those, 3446 participants had information on TAC bl (both ascending TAC [ATAC] and DTAC), baseline CAC (CAC bl ), and follow-up. Also excluded were participants with stent implantation, bypass surgery, or myocardial infarction during the 5-year follow-up period, (n=141); participants outside the study age range (45-74 years at baseline, 50-79 years at 5-year follow-up; n=10); or participants with missing information on Framingham risk factors (n=25). A total of 3270 eligible participants (53.1% women) remained for the present analysis ( Figure S1 ). All participants provided written informed consent, and the study was approved by the ethics committee of the University Clinic Essen, Germany.
Risk Factor Analyses
Cardiovascular risk factors were assessed at the time of each noncontrast CT scan (baseline and after 5 years). The methodology was published previously. 5 Smoking behavior was assessed in detail. 16 Body mass index (kg/m 2 ) was calculated using standardized height and weight measurements. Total cholesterol, high-density lipoprotein cholesterol, triglycerides, and low-density lipoprotein cholesterol (LDL-C) were measured with the standard enzymatic methods. Use of lipid-lowering medication was documented. Blood pressure was measured using an oscillometric method (Omron), according to a standard protocol. The mean value of the second and third of 3 measurements taken at least 2 minutes apart was used. Hypertension was defined as systolic or diastolic blood pressure ≥140 or ≥90 mm Hg, respectively, or documented use of antihypertensive medication. Blood fasting glucose was measured after overnight fasting 9.7+4.9 hours (median 12 hours). Participants were classified as diabetic when glucose was ≥126 mg/dL or use of insulin or oral hypoglycemic agents was reported.
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CT Scan Protocol
CT scans were performed for quantification of CAC with a C-100 and C-150 scanner (GE Imatron) in 2 independent radiology institutions at baseline. Follow-up imaging was performed after a mean of 5.1AE0.3 years (median 5.1 years, interquartile range [IQR] 5.0-5.2 years) with an identical scanning protocol, using an Imatron C-150 scanner. The CTs were operated in the single-slice mode with an image acquisition time of 100 ms. A slice thickness of 3 mm was chosen. Prospective ECG triggering was performed at 80% of the R-R interval. Contiguous slices from the right pulmonary artery down to the apex of the heart were obtained, sufficient to include the entire heart as well as the ascending aorta and descending thoracic aorta. TAC and CAC were defined as a focus of at least 4 contiguous pixels with a CT density >130 Hounsfield units and quantified using the Agatston method. 18 TAC included calcification scored from segments of the ascending and descending portions of the thoracic aorta visible in the coronary CT scan and was classified using the standard CAC categories (TAC 0, 1-99, 100-399, and ≥400), as described previously.
1, 3 The aortic arch and the infrarenal abdominal aorta were not included in the scan. Calcification in the aortic root (eg, above the aortic valve) was included in ATAC. Participants and physicians remained unaware of the CAC and TAC scoring results of the baseline examination.
Statistical Analyses
Means and standard deviations were calculated for continuous measures with the exception of TAC and CAC, for which medians and IQRs were calculated due to the skewed nature; frequencies were given as number (percentage). Demographics and risk factors at baseline were estimated for each TAC score category at baseline (TAC bl For graphical representation, the sex-specific 50th, 75th, and 90th percentiles per 5-year age group of TAC distribution for baseline and 5-year follow-up data were analyzed, investigating ATAC and DTAC separately. These observed data points were plotted together with linear quantile regression fits of the form log(TAC+1)=I+b age for the 50th, 75th, and 90th percentiles.
To operationalize 5-year TAC progression as a continuous end point, we let y=[((TACf)+1)/(TAC bl +1)] In the next step, as primary outcome, we estimated the excess risk of incident CAC (CAC i ) by contrasting participants with versus without TAC bl as risk differences with their 95% CIs. This calculation was also carried out for excess risk of incident CAC depending on the presence of ATAC and DTAC separately. Secondary outcomes were all other combinations: incident ATAC depending on presence of CAC bl or DTAC at baseline (DTAC bl ) and incident DTAC depending on ATAC as well as CAC bl . We also computed relative risk regressions for CAC i with TAC bl , baseline ATAC (ATAC bl ) or DTAC bl (on the log scale) as exposure, crude, and fully adjusted for cardiovascular risk factors.
For both sexes, we calculated CAC percentiles at baseline as functions of age from linear quantile regression on the log scale, log(CAC bl +1). CAC at follow up (CACf) was predicted exponentially extrapolating along the participant's percentile by the time T between measurements. A predefined acceptance band nominally covers 20% of observed values around the individually predicted value. CAC progression was classified as CAC function within band (expected progression), above band (fast progression), or below band (slow progression). Overall, 68% of the participants lay within the acceptance band. 20, 21 We found that this approach could not be transferred to progression of thoracic aortic calcium. We further calculated and reported confidence intervals to assess the precision of our estimates. Reported P values are to be understood as additional but purely descriptive information. Our primary goal was estimation, not significance testing, and to avoid publication bias by preferential reporting of significant results. The value of our estimates will be discussed with a focus on precision and validity.
Results
Baseline Parameter
The baseline demographics of the cohort of 3270 participants, who underwent baseline and 5-year follow-up CT, are given in Table 1 for men and women. Both cohorts are subdivided by TAC score categories at baseline (TAC bl ) ( Table 1 ). All baseline risk factors showed a strong association with TAC except for high-density lipoprotein cholesterol.
Incidence of TAC
At the time of repeated CT scan, 517 (41.6%) of the 1243 participants without TAC bl developed overall incident TAC (TAC i ; incident ATAC: 448 [23.3%]; incident DTAC: 502 [34.5%]). Regression analysis revealed systolic blood pressure, smoking, LDL-C, and CAC bl score in addition to age and sex as determinants significantly associated with TAC i in fully adjusted models, similar to incident ATAC, whereas incident DTAC was significantly associated with systolic blood pressure, intake of antihypertensive medication, diabetes mellitus, smoking, and CAC bl score ( Table 2) .
Progression of TAC
The fitted percentile curves as a function of age for the TAC distribution at follow-up in either sex showed little overlap with their counterparts at baseline. This holds especially for the 75th and 90th percentiles ( Figure 1A ). This phenomenon was even more pronounced in DTAC percentiles ( Figure 1C ), whereas ATAC percentiles showed curvature nearly indistinguishable from the baseline results except for men in the highest percentile ( Figure 1B ). Regression analysis revealed systolic blood pressure, diabetes mellitus, smoking, LDL-C, and presence of lipidlowering and/or antihypertensive medication besides age as the determinants significantly associated with TAC progression in fully adjusted analysis (Table 3) .
CAC i by Presence of TAC bl
In the absence of TAC bl , 22.1% of participants developed CAC i after 5 years, mostly low CAC burden (Table 4) . With rising TAC bl scores, this trend increased to 65.4% of CAC i when TAC bl scores were ≥400. Furthermore, the portion of high CAC i burden increased with rising TAC bl scores.
Regarding aortic segments separately, similar results were found. When ATAC bl was absent (n=881), only 22.5% of participants developed CAC i , and 24.4% developed CAC i when DTAC bl was absent (n=635). However, with rising ATAC bl and DTAC bl scores, portion of CAC i increased up to 83.3% (ATAC bl scores ≥400, n=6) and 65% (DTAC bl ≥400, n=20). Similar to overall TAC bl , CAC i scores increased with rising ATAC bl and DTAC bl scores (Table S1 ).
Besides age, systolic blood pressure, smoking, LDL-C, and presence of lipid-lowering regression analysis showed a significant association of present ATAC bl with CAC i in fully adjusted models. Nevertheless, the presence of overall TAC bl or DTAC bl was not significantly associated with CAC i after 5 years (Table 5) .
Correspondingly, the presence of ATAC bl was associated with a high excess risk of CAC i (10.8%, IQR 4.8-16.7%, P=0.0002). Reciprocally the presence of CACbl was associated with a high excess risk of ATACi (excess risk 16.4%, IQR 12.7-20.0%, P<0.0001). DTAC bl was not associated with a high excess risk of CAC i (1.8%, IQR À3.2-6.7%, P=0.48) (Figure 2 ).
TAC i by Presence of CAC bl
To investigate the influence of CAC bl on 5-year incident TAC as a secondary outcome, we calculated TAC i for different CAC bl categories. When CAC bl was absent, only 32% of participants developed TAC i after 5 years (mostly low TAC i burden), whereas this trend increased with up to 85% of TAC i when CAC bl scores were ≥400 (Table S2) . Furthermore, the portion of high TAC i burden increased with rising CAC bl scores (P<0.0001 for trend). When CAC bl was absent, 14% and 25% of participants developed ATAC i and DTAC i , respectively; however, with higher CAC bl scores, incidence of ATAC and DTAC markedly increased (P<0.0001 for trend) ( Table S3 ).
Prediction of CAC Progression by TAC bl
In the absence of TAC bl , 15.5% of participants revealed slow CAC progression, 67.1% had expected progression, and 17.4% had fast progression. With rising TAC bl scores, the portion of fast CAC progression increased up to 24.1% (TAC bl ≥400, P<0.0001 for trend) ( Table 6 ).
Regarding aortic segments separately, data corresponded with findings to overall TAC bl ; when ATAC bl was absent (n=1924), 13.6% of participants revealed slow CAC progression, 67.5% had expected progression, and 18.9% fast progression. In the absence of DTAC bl (n=1456), 14.4% had slow CAC progression, 66.6% had expected progression, and 19.0% had fast progression. With rising ATAC bl and DTAC bl scores, the proportion of fast CAC progression increased respectively to 28.1% (ATAC bl ≥400, n=96) and 23.9% (DTAC bl ≥400, n=222; P<0.0001 for trend) (Table S4 ).
Discussion
In this study, we investigated the interaction of both TAC i and CAC i with progression over 5 years in the general population. We found that the thoracic aorta and coronary arteries share similar major determinants for incidence and progression of calcification. In addition, participants with high extent of TAC, especially in the ascending aorta, reveal considerably elevated risk of incidence and accelerated progression of coronary calcification.
CT scanning for detection and quantification of CAC and TAC was previously demonstrated to show important prognostic information for the management of patients at intermediate cardiovascular risk. [5] [6] [7] [8] Furthermore, repetitive calcification scanning after 5 years is recommended because %20% of participants without initial CAC develop subsequent CAC after 4 years. 11 New-onset or extensive CAC progression is associated with an enhanced risk of future coronary heart disease events and all-cause mortality. 2, 12 Previous studies demonstrated systolic blood pressure, diabetes mellitus, smoking, and lipid-lowering medication as the main confounders for accelerated CAC progression. [21] [22] [23] [24] [25] Similar to CAC, TAC, which is closely related to coronary atherosclerosis, can easily be measured and categorized with a noncontrast CT scan. 3, 4, 6, 7, 13 Taking the strong association of thoracic aortic with coronary calcification into account, the identification of main determinants for TAC incidence and progression may play a pivotal role in cardiovascular prevention. In a multiethnic population-based cohort, Youssef et al found age, systolic blood pressure, intake of antihypertensive medication, and smoking to be associated with TAC i , thus not discriminating between the ascending and descending thoracic aorta. 26 Accordingly, our results reveal-aside from age and sex-systolic blood pressure and LDL-C as the main determinants of TAC i , especially in the ascending aorta. Incidence of DTAC was triggered by systolic blood pressure, intake of antihypertensive medication, diabetes mellitus, and smoking. In both aortic segments, CAC score was markedly associated with the atherosclerotic process. For TAC progression, we identified systolic blood pressure, diabetes mellitus, smoking, LDL-C, and presence of lipid-lowering and/ or antihypertensive medication, in addition to age, as the main determinants. This is in line with the population-based findings of Youssef et al, who investigated this link across 4 different ethnicities. They found age, systolic blood pressure, intake of lipid-lowering medication, diabetes mellitus, and smoking to be associated with TAC progression. 26 In contrast to TAC progression, we did not observe a relevant association of incident TAC with the intake of lipid-lowering medication; however, the duration and extent of medical intake was not included into the analysis. Because atherosclerosis is an ongoing disease, this may have biased our results. Dykun et al reported enhanced CAC progression under statin intake. 27 Our corresponding results for TAC progression may support the hypothesis of a plaque-stabilizing effect of statins, which might be reflected by an increase in TAC. This may influence expectations of clinicians when monitoring statin therapy by repetitive TAC scores. Further studies using CT angiography including lesion-specific information over time and higher number of participants with statins are needed to confirm our results. In contrast, the risk of CAC i was recently shown to increase with rising TAC burden, suggesting that a TAC score >100 could serve as an independent predictor of future CAC conversion. 13 Until now, this finding had not been investigated in a population-based setting and the commonly accepted calcification score categories had not been utilized, especially with regard to high calcification burden with scores ≥400. Consideration of high calcification burden appears relevant, given the proportion of participants in the overall population with high TAC scores (11.7%). 1, 3 We were able demonstrate that the rate of CAC i increased up to 65.4% after 5 years in participants with TAC scores ≥400 at baseline. In addition, the portion of high CAC incidence/burden increased with rising TAC scores at baseline. It was previously demonstrated that the prevalence and extent of TAC burden varies considerably between the ascending and descending thoracic aortic segments, displaying higher prevalence and extent of calcifications in the descending than in the ascending aorta. Both are included in the standard coronary calcification scan.
1,14 Importantly, the risk of cerebrovascular events (eg, stroke) is significantly higher in participants with DTAC. 15 Interestingly, the rate of CAC conversion was more closely related to ATAC than DTAC. This divergent finding underscores the hypothesis that stroke events seem primarily associated with aortic atherosclerosis but not with coronary atherosclerosis. Longitudinal assessment of CAC burden allows the quantification of progression of coronary artery disease. 11, 21 An annual score increase of 15% is associated with an enhanced risk of myocardial infarction. 28, 29 Major risk factors such as LDL-C, family history of coronary heart disease, and hypertension showed only weak association with CAC progression. In addition, risk-modifying medical therapy, known to reduce risk for CV events, 30 was not associated with a reduction or attenuation of CAC. 27, 31, 32 Furthermore, it was demonstrated previously that the rate of CAC progression is proportional to preexisting CAC. 33 Neither the impact of different TAC scores on CAC progression, especially stratified by different aortic segments, nor the influence of TAC progression on the progression of coronary atherosclerosis has been reported. In our study, ATAC was associated with high excess risk of CAC progression, whereas DTAC was not. With rising TAC scores at baseline, the portion of fast CAC progression increased up to 24.1% when TAC was ≥400, whereas the portion of slow CAC progression was 4.7%. Evaluating the association for aortic segments separately, data corresponded with findings for overall TAC. Because patients with TAC scores ≥400 have considerably elevated cardiovascular event rates, 7 our results suggest this finding may be explained by accelerated CAC onset or CAC progress in this TAC category.
Clinical Implications
Noncontrast cardiac CT is performed for the assessment of CAC score, which independently predicts future coronary mortality and morbidity. 1,2,5 Once CT examinations are performed, information on TAC score is readily available. This study demonstrates that TAC bl is associated with the incidence and progression of CAC. Consequently, our results support the implementation of TAC assessment as an adjunct measurement of primary indication in a clinical workup, with noncontrast cardiac CT looking for CAC to improve the prognostic value of this imaging technology. Cardiac CT is considered appropriate for patients in the intermediate-risk group only, which may limit the clinical value of our findings.
Strengths and Limitations of the Study
The strength of our study is the population-based design with close follow-up over 5 years. Traditional cardiovascular risk factors were measured using highly standardized protocols, and both CAC and TAC were quantified using a reproducible method. The CT scans were repeated with the same scanner technology and identical scanning protocols, so we avoided the use of any correction factors. Moreover, a potential bias by therapy was eradicated because participants and their physicians were blinded to the results of calcification scoring at the baseline examination.
A 5-year follow-up period may appear short but offers extrapolation to longer time intervals based on the exponential percentile curvature, which remained constant over time.
As a further limitation, we excluded those participants with revascularization during the 5-year period, given uncertainties in the calcification score analysis; this approach may have biased our results toward the null. Because we studied mainly participants of white ethnicity, our results may not be generalizable to other ethnic groups; however, no interaction between TAC and ethnicity was observed in an ethnically diverse population. 34 Finally, in this study, the aorta was examined in the available location on initially performed CAC scanning, excluding the aortic arch and the infrarenal abdominal aorta, 2 locations with noted higher prevalence of calcification.
1,3 Consequently, our TAC scores did not evaluate the potential importance of aortic arch or abdominal aorta calcification in the prediction of CAC incidence or progression.
Conclusion
The thoracic aorta and coronary arteries share similar major determinants of incidence of calcification. Participants with TAC, especially in the ascending aorta, are at elevated risk of development of CAC and reciprocally, participants with CAC reveal elevated risk for the development of thoracic aortic calcification.
